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VegTAmphibian holoblastic cleavage in which all blastomeres contribute to any one of the three primary germ
layers has been widely thought to be a developmental pattern in the stem lineage of vertebrates, and
meroblastic cleavage to have evolved independently in each vertebrate lineage. In extant primitive
vertebrates, agnathan lamprey and basal bony ﬁshes also undergo holoblastic cleavage, and their vegetal
blastomeres have been generally thought to contribute to embryonic endoderm. However, the present
marker analyses in basal ray-ﬁnned ﬁsh bichir and agnathan lamprey embryos indicated that their
mesoderm and endoderm develop in the equatorial marginal zone, and their vegetal cell mass is
extraembryonic nutritive yolk cells, having non-cell autonomous meso-endoderm inducing activity. Eome-
sodermin (eomes), but not VegT, orthologs are expressed maternally in these animals, suggesting that VegT is
a maternal factor for endoderm differentiation only in amphibian. The study raises the viewpoint that the
lamprey/bichir type holoblastic development would have been ancestral to extant vertebrates and retained
in their stem lineage; amphibian-type holoblastic development would have been acquired secondarily,
accompanied by the exploitation of new molecular machinery such as maternal VegT.© 2009 Elsevier Inc. All rights reserved.IntroductionProtochordate embryos are around 100 μm diameter in size. After
divergence from ancestral protochordates, vertebrate ancestors
would have increased their egg size to store yolk with the transi-
tion of endoderm from a thin monolayered epithelium in early
chordates into an enlarged mass of cells in earliest ﬁshes (Cooper and
Virta, 2007). The increase in the yolk content is considered to be
incompatible with cell division and to have altered the cleavage
pattern and germ layer formation (Fig. 1). In extant primitive
vertebrates, lamprey embryos undergo the holoblastic cleavage, and
dogﬁsh and skate embryos meroblastic cleavage. Bony ﬁshes have
evolved divaricating into two lineages, Sarcopterygii and Actinopter-
ygii. At the crown of actinopterygian evolution, teleost is a taxon
radiated into about 27,000 species comprising more than half of all
extant vertebrates. Known teleost embryos, however, utilize a
common plan for early embryogenesis (Wourms, 1997). They
develop by meroblastic cleavage; the vegetal half of the embryos is
the nutritive yolk cell which is not incorporated into the animal
body, and only the animal region of the embryos undergoes
cleavages generating all three primary germ layers. These teleosts
are the animals that underwent the whole-genome duplication
(WGD) and subsequent genome changes (Amores et al., 1998; Jaillonl rights reserved.et al., 2004; Chiu et al., 2004). Prior to WGD, bichir (Polypterus),
sturgeon (Acipenser), gar (Lepisosteus) and bowﬁn (Amia) diverged
from teleost lineage after divarication from Sarcopterygii (Inoue et
al., 2003; Kikugawa et al., 2004; Hurley et al., 2007). Bichir and
sturgeon undergo holoblastic cleavage very similar to Xenopus
(Bolker, 1993a,b; Takeuchi et al., 2008). Gar and bowﬁn display
transitional forms to meroblastic cleavage in teleosts. They form giant
yolky blastomeres (2 cells in gar, 12 cells in bowﬁn) in the vegetal
side, and cleavage takes place mostly in the animal hemisphere (Long
and Ballard, 2001; Ballard, 1986a,b). Apparently, the meroblastic
cleavage in actinopterygian lineage was established by the fusion of
vegetal blastomeres in holoblastic cleavage (Cooper and Virta, 2007).
In sarcopterygian lineage lungﬁsh and amphibian undergo holoblas-
tic cleavage, while reptile and avian have meroblastic cleavage.
Ultimately mammalian embryos that had lost yolk to develop in the
uterus regained a size of around 100 μm diameter and holoblastic
cleavage.
Embryogenesis of bichir, diverged at the stem of actinopterygian,
is quite similar to that of Xenopus rather than to that of teleost, not
only in its holoblastic cleavage pattern but also in many other aspects
(Takeuchi et al., 2008; Bartsch et al., 1997). In Xenopus and bichir the
ﬁrst cleavage is correlated with the body axis, but it is not in teleosts
or amniotes. Xenopus and bichir lack an enveloping layer, yolk
syncytial layer and forerunner cells that are hallmarks of teleost
embryogenesis. Xenopus and bichir embryos form a distinct blas-
tocoel and archenteron, and the neural tube is formed via neural
Fig. 1. Phylogenic relationship of extant vertebrates and their cleavage patterns. In the cleavage stage embryos, yellow and light blue indicate the yolky and the non-yolky mass,
respectively.
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largely eliminated lumenal embryonic cavities such as blastocoel and
archenteron, and the neural rod is formed via a neural keel (Kimmel
et al., 1995). Embryology of teleost ﬁshes is highly specialized in
many points.
In Xenopus vegetal blastomeres develop into embryonic endo-
derm, and mesoderm develops from the marginal zone separately. In
teleosts, they are initially intermingled in the marginal zone; vegetal
mass is an extraembryonic nutritive yolk cell. Zygotically nodal
signaling has been demonstrated to be essential to the meso-endo-
derm development in both zebraﬁsh and Xenopus (Whitman, 2001;
Grapin-Botton and Constam, 2007; Feldman et al., 1998). However, it
is probable that the alteration in the germ layer formation would
have been accompanied by modiﬁcation of maternal factor usage for
the meso-endoderm differentiation (see Discussion). On the other
hand, against the radical change in cell fate speciﬁcation of the
vegetal region, zebraﬁsh yolk syncytial layer and the vegetal
endoderm of Xenopus both have activities to induce meso-endoderm
and to establish the dorsal–ventral axis (Schier, 2001; Takahashi
et al., 2000).
In mammal and avian, extraembryonic endoderm such as visceral
endoderm and hypoblast play essential roles in the embryonic axis
formation and germ layer development. These extraembryonictissues are generally considered to have been created in ancestral
amniotes evolved from the Xenopus-type ancestor. Teleost yolk syn-
cytial layer and amniote extraembryonic endoderm are thus assumed
to be independently acquired in actinopterygian and sarcopterygian
lineages, respectively, and not to be homologous. This raises the
question of why and how extraembryonic structures newly formed in
each lineage would have shouldered the key events in early embryo-
genesis. Another viewpoint that the common ancestor of tetrapods
had the extraembryonic endoderm which played an essential role in
axis formation and germ layer development has scarcely been dis-
cussed. That speculates that this endoderm is homologous to yolk
syncytial layer in teleosts and ancestral to vertebrates. In amphi-
bian it would have been secondarily incorporated into embryonic
endoderm.
In the evolutionary changes in cleavage pattern, a widely
accepted view is that amphibian-type holoblastic development in
which all blastomeres contribute to any one of the three primary
germ layers is a developmental pattern in the stem lineage of verte-
brates, and that meroblastic development evolved independently in
each vertebrate lineage (Arendt and Nubler-Jung, 1999; Yu et al.,
2007; Grapin-Botton and Constam, 2007). In addition, vegetal blas-
tomeres of holoblastic embryos in lamprey, bichir, sturgeon and
amia have been generally assumed to contribute also to embryonic
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1986a,b). However, this has been never demonstrated because of
difﬁculties in obtaining embryos. Fortunately, efforts in a basal ray-
ﬁnned ﬁsh bichir and an agnathan lamprey for efﬁcient and
controlled spawning or fertilization have made it possible to obtain
a sufﬁcient number of their early embryos (Kuratani et al., 1997;
Takeuchi et al., 2008). Marker analysis with these embryos indicated
that both mesoderm and endoderm develop at the marginal zone,
and vegetal blastomeres are not embryonic endoderm but extraem-
bryonic yolky nutritive cells in bichir and lamprey embryos. Tbx16/
VegT, an important transcription factor in Xenopus germ layer
formation (Zhang et al., 1998), is not expressed maternally in bichir,
and the orthologous gene was not found in lamprey genome, while
eomes orthologs are maternally expressed in both animals; this is
also true in ascidian, amphioxus, zebraﬁsh and mouse (Takatori et al.,
2004; Horton and Gibson-Brown, 2002; Bruce et al., 2003; McConnell
et al., 2005). We propose a possibility that the lamprey/bichir type
holoblastic development, in which vegetal blastomeres are extra-
embryonic nutritive yolk cells, would have been ancestral to verte-
brates and continued to be thyn3retained in their stem lineages;
amphibian-type holoblastic development, in which all blastomeres
participate in any one of the primary germ layers, would have been
acquired secondarily.
Materials and methods
Embryos
Polypterus senegalus and P. endlicheri embryos were obtained by
natural breeding; the latter eggs are larger than the former (1.4 and
1.9 mm in diameter, respectively), but no signiﬁcant differences exist
between these two species in embryogenesis (Takeuchi et al., 2008).
Their embryos were cultured at 28.5 °C or 23 °C in embryonic media
(EM: 15 mMNaCl, 0.5 mM KCl, 1 mM CaCl2U2H2O, 1 mMMgSO4U7H2O,
0.15 mM KH2PO4, 0.05 mM Na2HPO4U2H2O and 0.7 mM NaHCO3
(pH 7.0–7.5)). Embryos were staged as previously described (Takeuchi
et al., 2008). In conjugation assay (Fig. 7R), animal cap and vegetal
mass were dissected in Ringer's solution on 2% agar from early
blastula embryos, conjugated and cultured in EM on 2% agar until late
gastrula stage. Adult male and female Lampetra japonica were
collected in a tributary of the Shiribetsu River, Hokkaido, Japan,
during the breeding season (early June) in 2008. The eggs were arti-
ﬁcially fertilized and cultivated in 10% Steinberg solution (Steinberg,
1957) at 20 °C. Embryos were staged according to the table of Tahara
for L. reissneri closely related to L. japonica (Tahara, 1988). For in situ
hybridization, embryos were ﬁxed with 4% paraformaldehyde in 0.1 M
phosphate-buffered saline (PFAM/PBS).
Isolation of cDNA clones in P. senegalus and L. japonica
P. senegalus cDNA clones of T-box, nodal-related and sox17 genes
were isolated by RT-PCR with total RNAs prepared from gastrula
embryos. Degenerate primers were designed at the T-box domain
and mature ligand domain commonly conserved in T-box gene
family and nodal-related genes, respectively. Primers for the isolation
of sox17 gene were sox17 dsp1 (5′-ATGAGYAGYCCIGAYGSIGGIT-
AYKCIAGYDNYGA-3′) and sox17 dsp2 (5′-CCIATGAAYGCITTYATGGTI-
TGGGCNAARGAYGA-3′) as sense primers, and sox17 dap1 (5′-CAR-
TARTAIACIGCISTISTIGCRTCIGAIASIACIGHIGANA-3′) and sox17 dap2
(5′-TGYTKIACICKIARICKYTCIGCYTCYTCIACRAAIGG-3′) as antisense
primers. Brachyury subfamily of T-box genes (bra, ntl) was isolated
with bra dsp (5′-ACIAAYGARATGATHGTIATIAARAWYGGIAGRMGIA-
TGTTYCC-3′), as a sense primer and bra dap1 (5′-CKYTCYTTIGCRTCI-
ARRAAIGCYTTIGCRAAIGGRTT-3′) and bra dap2 (5′-CKYTCYTTNGCR-
TCNARRAANGCYTTNGCRAANGGRTT-3′) as antisense primers. Sense
primers for the isolation of other T-box genes are T-box dsp1 long(5′-ACIGARATGRTIRTIACIAARIVIGGIMGIMGIATGTTYCC-3′), T-box
dsp1 short (5′-GARATGRTIRTIACIAARIVIGGIMGIMGIATG-3′), T-box
dsp2 long (5′-CAYCCNGAIWSICCIRMIMCIGGIGCICAITGGATG-3′) and
T-box dsp2 short (5′-CCNRMNMCNGGIGCICAITGGATG-3′), and anti-
sense primers are T-box dap1 long (5′-CATCCAITGIGCICCIGKIKYIG-
GISWITCNGGRTG-3′), T-box dap1 short (5′-CATCCAITGIGCICCNGKN-
KYNGG-3′), T-box dap2 (5′-TTYTGRTAIGMIGTIACIGIIRTRAAIIIIKTYTC-
IKSRAA-3′) and T-box dap3 (5′-YCICKRAAICCYTTIGCRAANGGRTT-3′).
Sense primers for the isolation of nodal-related genes were nodal1256
s dsp1 (5′-TWYAAYGCITWYMGRTGYGARGG-3′), nodal1256s dsp2
(5′-GARAVYTTYAMICCIACIAAYCAYGCITAYAT-3′), nodal all dsp1 (5′-GT-
IGAYWTSIDIGTIGAYTTYIAIVAIATIGRWTGG-3′) and nodal all dsp2
(5′-SCMAMIAAYCAYKCITAYATBMARAG-3′), and antisense primers
are nodal1256s dap (5′-CCRCAITCIKCIACIAYCATIYCYTSRTGRTG-3′)
and nodal all dap (5′-CCRCAITCIKCIACIWBCATIYCYTSRTGRTG-3′). The
ampliﬁed products were cloned into pGEM-T Easy Vector (Promega)
and veriﬁed by sequencing. These analyses identiﬁed bichir orthologs
of sox17, two nodal-related genes, sqt and cyc, and thirteen T-box
genes including tbx16, eomes, bra and ntl (Fig. 3). PosGata5 clones
were found in our EST analysis of P. senegalus embryos. Full-length
cDNA of these genes was obtained using a SMART RACE cDNA
Ampliﬁcation Kit (Clontech) with mRNAs puriﬁed from early embryos.
Their sequencesare deposited inGenBankunder the followingaccession
numbers: PosBra, AB500938; PosNtl, AB500939; PosSox17, AB500933;
PosGata5, AB500940; PosSqt, AB500934; PosCyc, AB500935; PosEomes,
AB500937. P. endlicheri cDNA clones were isolated by RT-PCR with
primers designed from sequences of P. senegalus clones; sequences will
be provided upon request.
L. japonica cDNA clones of bra, eomes, soxF and hisH4 genes were
isolated by RT-PCR with total RNAs prepared from gastrula embryos.
Their sequences are deposited in GenBank under the following
accession numbers: LjBra, AB501127; LjSoxF, AB501129; LjEomes,
AB501128. Primers were designed with the sequences of their
orthologs in L. ﬂuviatilis (Sauka-Spengler et al., 2003) and Petromy-
zon marinus genome reported on the Lamprey Genome Browser
(http://genome.ucsc.edu/cgi-bin/hgGateway) byWUSTL. They are sp
(5′-ATGAGCTCCGCCGGTGATCTGAGC-3′) and ap (5′-TGTCGTAGGGC-
GACACGGCAGG-3′) for LjBra; sp (5′-CCGGAGGATGTTCCCGTACCTGGCG-
3′) and ap (5′-GCTCGAGCCGGGGTCGTCCGCCTGCGG-3′) for LjEomes; sp
(5′-CGATTCGGCGCAGCCATGCAGGGCGC-3′) and ap (5′-GATGGAGAT-
GAGGTTGGAGTCACCGCC-3′) for LjSoxF; sp (5′-GGGCTCGGTAAGGGAG-
GCGC-3′) and ap (5′-GCCATGGACGTGGTCTACGCC-3′) for LjHisH4.
Whole-mount in situ hybridization
Bichir embryos are enveloped with chorion; the chorion in
embryos later than neurula stage was mechanically removed with
tweezers before ﬁxation. In embryos at earlier stages, the chorion is
sticky and was removed after the ﬁxation. Embryos were ﬁxed in
MEMFA (0.1 MMOPS, 2 mM EDTA, 1 mMMgSO4, 10% formalin) in PBS
at 4 °C overnight, and gradually dehydrated with a series of PBS/
methanol mixtures and ﬁnally into 100% methanol. Whole-mount in
situ hybridization in bichir and lamprey embryos was performed using
digoxigenin-labeled antisense RNA probes as described for Xenopus
(Harland, 1991) with minor modiﬁcation (Takeuchi et al., 2008). RNA
probes were synthesized with each PCR clone in pGEM-T Easy Vector,
except for the probe to detect PosGata5 expression that was syn-
thesized with a EST clone in pBluescript. Probes used were: PosBra,
416 bp from 5′-CCTGTTCTGA to TAAAATATAA-3′; PosNtl, 413 bp from
5′-GTCCTCCGAG to TTAAGCACAA-3′; PosSox17, 781 bp from 5′-TTG-
AGGAGGC to ACTGCAATTA-3′; PosGata5, 1046 bp from 5′-GGGAGC-
TATA to ACTACCATTT-3′; PosSqt, 967 bp from 5′-AGGTACCCGC to
CGAGTGCCAT-3′; PosCyc, 924 bp from 5′-GAGCTTTAAA to CTACCA-
AAAT-3′; PosTbx16, 431 bp from 5′-CCGCAGTGCA to TTGATAATAA-3′;
PosEomes, 1189 bp from 5′-CCTCACAGCC to CAGCCCCTGA-3′; LjBra,
1104 bp from 5′-GCCGAGGCGG to CGGGGGCCCC-3′; LjSoxF, 1333 bp
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TTCAGCGTGT to GGGCGAGCGC-3′. LjFoxA2 probe was previously
described (Suda et al., 2009). Bichir or lamprey embryos were treated
at 60 °C or 68 °C with each DIG-labeled RNA probe over 24 h.
RT-PCR
For RT-PCR analysis of each part of early gastrula embryos (Figs.
4B, D), embryos were dissected in Ringer's solution on 2% agar. Total
RNAs were extracted from P. senegalus and L. japonica embryos at each
stage (Figs. 4A, C) or fromeach dissection of P. endlicheri and L. japonica
embryos at early gastrula (Figs. 4B, D) using ISOGEN (Nippon Gene)
according to the manufacturer's instruction. The RNAs were reverse-
transcribed using SuperScriptIII (Invitrogen) with random hexameric
primers, and the cDNA products were ampliﬁed by PCR. PCR primers
used and lengths of ampliﬁed products are: PosBra, 270 bp with sp
(5′-TGGCAGCTGATAATCATAGATGG-3′) and ap (5′-GACTTGTAATCAT-
TCTCTGTGGC-3′); PoeBra, 231 bp with sp (5′-GTAAATGGAGAG-
TGGGTCCCAGG-3′) and ap (5′-CATTCTCTGTGGCCCTCCAACTC-3′);
PosNtl, 309 bp with sp (5′-CAGACAACAACCGTTGGAAATAC-3′) and ap
(5′-TCTGATAAGCAGTCACTGCTATG-3′); PoeNtl, 217 bp with sp (5′-TC-
CCAATGCCATGTACTCCG-3′) and ap (5′-GCCGCCGTTAAGCTTGTTGG-3′);
PosSox17, 110 bp with sp (5′-TGGGCAAAGGACGAGCGC-3′) and ap
(5′-TTTTCGCTTACCGGTAAGGC-3′); PoeSox17, 294 bp with sp (5′-CAT-
TGTCAGTGGACTGACCC-3′) and ap (5′-CATGTGCTGCACCCTCAGCC-3′);
Pos-PoeGata5, 251 bp with sp (5′-AGGCCGAGAATGCGTGAATTGCGGC-3′)
and ap (5′-CACAGGCGTTGCACACTGGCTCCCC-3′); PosTbx16, 303 bp
with sp (5′-ATGGATCTAGTACCAGTTGATGG-3′) and ap (5′-AAAGGTG-
AAGGTCTGAAACACAC-3′); PoeTbx16, 185 bp with sp (5′-CGATCACTC-
AGAGCTCATGTGC-3′) and ap (5′-GGGGAGAATCTCTCATCTTTCACCG-3′);
PosSqt, 173 bp with sp (5′-GGAGAATGCCCCAGTCCGGTG-3′) and ap
(5′-TGCCGCAAAGTCACCTCTCCG-3′); PoeSqt, 254 bpwith sp (5′-CCAA-
CTCAAAGAATGCCACCG-3′) and ap (5′-AGAGCCATCATCCGGCTGGG-
3′); PosCyc, 173 bp with sp (5′-GGAGAGTGCCCTTCTCCCG-3′) and ap
(5′-TGTCGAAGCATCACTTCACC-3′); PoeCyc, 299 bp with sp (5′-TTGAA-
CGAGTGGGTAGCCGC-3′) and ap (5′-GGTGCTCGTGTGTCCAAGGG-3′);
PosEomes, 131 bp with sp (5′-CCTCACAGCCCACTACAACG-3′) and ap
(5′-GGACGTACATCTTGTTACCTTGC-3′); PoeEomes, 83 bp with sp (5′-
GTTGAAATTGTGCTGGCAGACCC-3′) and ap (5′-ATGTTGTTGTCCGCCTT-
GCCGC-3′); PosHisH4, 218 bp with sp (5′-CGTCATCGTAAAGTGCTCCG-
3′) and ap (5′-GCATACACTACATCCATGGC-3′); PoeHisH4, 153 bp with
sp (5′-CCTGCTATCCGCCGTCTAGC-3′) and ap (5′-GGTCACGGTC-
TTCCTCTTGG-3′); LjBra, 296 bp with sp (5′-TGCTGGACTTCTGCGCC-
GCC-3′) and ap (5′-CTCGGGGAACGCGTGGCTCG-3′); LjSoxF, 358 bp
with sp (5′-GCGCCCGTTTGTGGACGAGG-3′) and ap (5′-GGGCGTGG-
GCAAACCGTAGC-3′); LjGata5, 213 bp with sp (5′-ACTGCGGCGCC-
ATGTCCACC-3′) and ap (5′-CCCCGTCCGTATTCCTCCTCC-3′); LjFoxA2,
274 bp with sp (5′-GCTCATCACCATGGCCATCC-3′) and ap (5′-GCA-
CTTGAAGCGCTTCTGCC-3′); LjEomes, 293 bp with sp (5′-CCCGG-
CCACGCACTACACGG-3′) and ap (5′-CTCCCGCGCGGGACACGAGC-3′);
LjHisH4, 202 bp with sp (5′-AAAACGCCATCGCAAGGTGC-3′) and ap
(5′-GGTGACGGTCTTGCGCTTGG-3′).
Results
Germ layers in bichir embryos
In Xenopus embryos at tadpole stage, descendants of vegetal cell
mass constitute the alimentary tract underlaid with mesenchymal
cells derived from lateral plate mesoderm (Horb and Slack, 2001).
However, in bichir embryos at tadpole stage, in which the entire gut
is established as a tubular structure being underlaid with hema-
toxylinophilic mesenchymal cells, the yolk cell mass exists at the
anterior–ventral side of the embryo (Fig. 2); the mass is not under-
laid with the mesenchymal cells but surrounded directly by surfaceectoderm as is the yolk in teleosts and is thus extraembryonic
(Fig. 2).
To examine the origin of gut endoderm and yolk cell mass of bichir
tadpole, we investigated the primary germ layer patterning in bichir
early embryos. Brachyury-related T-box genes are one of the most
established markers for nascent mesoderm in vertebrates (Wilkinson
et al., 1990; Showell et al., 2004; Martin and Kimelman, 2008). Teleost
species have two brachyury-related genes, brachury (bra) and no tail
(ntl) (Fig. 3A), and we isolated their orthologs, PosBra and PosNtl in
bichir. Xenopus has bra but not ntl, as is also the case in amniotes
(Martin and Kimelman, 2008). Both PosBra and PosNtl were ﬁrst
detected in marginal zones at gastrula (Figs. 4A, B; Figs. 5A–C),
and subsequently at neurula PosNtl was detected in notochord
(Figs. 5D, F–H), whereas PosBra only in the posterior-most mesoderm
(prospective tail bud region, Fig. 5E).
Sox17 is a deﬁnitive endoderm marker in zebraﬁsh, Xenopus, chick
and mouse (Tam et al., 2003). In Xenopus it is expressed in the entire
vegetal cell mass at early gastrula (Hudson et al., 1997), while in
zebraﬁsh in the marginal zone but not in the yolky vegetal mass.
PosSox17 in bichir embryos (Fig. 3B) was ﬁrst detectable at mid-
blastula by RT-PCR (Fig. 4A), and was apparent at early gastrula in the
dorsal marginal zone (Figs. 5I, J). The expression extended ventrally by
the mid-gastrula stage, but it was not found in the vegetal cell mass
(Figs. 5K, L). In the blastopore region at mid-gastrula, PosNtl-positive
cells were present superﬁcially and PosSox17-positive cells deeply
(Figs. 5S, T). At late gastrula and neurula, PosSox17 expression was
found in the cells at the dorsal aspect of archenteron but never in the
cells underlying it (Figs. 5M–P).
Gata5 expression also demarcates the nascent endoderm in
zebraﬁsh, Xenopus, chick and mouse (Weber et al., 2000; Reiter et al.,
1999, 2001;Weber et al., 2000). In Xenopus it is expressed throughout
vegetal blastomeres at the early gastrula, while in zebraﬁsh in the
marginal zone but not in the yolky vegetal region. The expression
of PosGata5 (Fig. 3C) was also detected at mid-blastula by RT-PCR
(Fig. 4A), and found in the marginal zone at early gastrula; it was
never found in the vegetal blastomeres (Figs. 5Q, R, U). These Pos-
Sox17 and PosGata5 expressions at early gastrula were also con-
ﬁrmed by RT-PCR in dissected embryonic pieces as shown in Fig. 4B.
Therefore, though bichir embryos undergo holoblastic cleavage very
similar to that in Xenopus, their vegetal cell mass is extraembryonic,
and both embryonic mesoderm and endoderm are generated in the
marginal zone as in teleosts (Fig. 5V). Nevertheless, of note is that
in the marginal zone PosBra-positive mesoderm and PosSox17-posi-
tive endoderm are separated as they are in Xenopus; in teleosts and
amniotes they are initially intermingled.
Germ layers in lamprey embryos
We isolated brachyury-related T-box gene, LjBra, sox17/18 ortholog,
LjSoxF, and gata4/5/6 ortholog, LjGata4/5/6, respectively, in Lampetra
japonica (Figs. 3A, B). LjFoxA2, a marker of axial mesoderm and
endoderm (Reiter et al., 2001; Weinstein et al., 1994), was previously
isolated (Suda et al., 2009). Semi-quantitative RT-PCR indicated that
their expression occurs zygotically around 11–13 stages (Fig. 4C). Stage
12 is called “early gastrula stage” in lamprey (Tahara,1988). Blastopore
is not yet formed at this stage, and the stage is characterized by conical
eminence that has been considered as a tissue corresponding to future
dorsal blastopore lip in Xenopus (Yamada, 1938); the pore is
subsequently formed at its vegetal side at stage 13 (Tahara, 1988).
LjBra, LjGata4/5/6, LjSoxF and LjFoxA2 expressions were found only in
the pieces that include the conical eminence (Fig. 4D).
By in situ hybridization the expression of LjBra, LjSoxF and
LjFoxA2 was also ﬁrst detected at stage 12 (Figs. 6A–D, I–L, Q–T).
The LjSoxF expression was found in the conical eminence, and not in
the vegetal cell mass (Figs. 6I–L). The LjBra-positive mesodermal
cells were found at the animal margin of the conical eminence
Fig. 2. Histology of bichir tadpole. (A) Polypterus endlicheri tadpole embryo (5 dpf; Scale bar, 1.0 mm). Lateral view (anterior at left). (B–D) Transverse sections stained with
hematoxylin and eosin at the levels indicated in (A) by vertical lines marked with (B–D), respectively. (B’–D’) Enlarged views of areas boxed by dotted lines in (B–D),
respectively. (B”, C”) Enlarged views of areas pointed out by arrowheads in (B, C), indicating the lateral edge of the embryonic mesenchyme, respectively. (E) Schematic
representation of tissue alignment at the mid-trunk level in bichir, zebraﬁsh and Xenopus embryos. Gut endoderm (green) is underlaid by mesenchymal tissue (red), while the
yolky cell mass of bichir and the yolk ball of zebraﬁsh (yellow) are not. Arrowheads in (B, B”, C, C” and E) indicate the lateral edges of mesenchymal tissue on the yolky cell
mass. Scale bars: 100 μm. Abbreviations: eg, external gill; nt, neural tube; nc, notochord; sm, somite; pf, pectoral ﬁn bud; gt, gut tube; nd, nephric duct; ep, epidermis; mc,
mesenchymal cells.
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vegetal margin of conical eminence (Figs. 6A–D). Thus LjBra-positive
mesoderm and LjSoxF-positive endoderm are also generated in
separate zones and not intermingled at “early gastrula” in lamprey.
LjFoxA2 is also not expressed in the vegetal cell mass (Figs. 6Q–T);
its expression mostly overlaps with the LjSoxF expression, but also
with the LjBra expression in the most dorsal domain that may cor-
respond to axial mesoderm.
At the mid-gastrula stage the expression of LjBra and LjSoxF
extended ventrally from conical eminence, generating the marginal
zone (Figs. 6E, F, M, N). With the anterior extension of LjBra-
expressing notochord cells during gastrulation (Figs. 6G, H), LjSoxF-positive endoderm cells from the dorsal marginal zone mostly
localized at the dorsal aspect of anterior archenteron and those from
the ventral marginal zone were harbored at the ventral side of
posterior archenteron by the late gastrula stage (Fig. 6O). LjSoxF
continued not to be expressed in vegetal cell mass-derived cells
(Fig. 6P). Thus in lamprey embryos the vegetal cell mass is also not
embryonic endoderm, but extraembryonic yolk cells.
Regulation of mesoderm and endoderm speciﬁcation
Xenopus has six (Xnr1–6) and zebraﬁsh has three (ndr1/squint
(sqt), ndr2/cyclops (cyc) and ndr3/southpaw) nodal paralogs (Fig. 3D)
Fig. 3. Phylogenic analysis of bichir and lamprey genes isolated in this study. Phylogenic trees of (A) brachury, (B) sox17/F, (C) gata4/5/6, (D) nodal-related, (E) VegT/tbx16 and (F) eomesodermin genes, deduced from amino acid sequences of
conserved domains. Nodal-related genes are classiﬁed into two subclasses by positions of cysteine residues as shown in the boxed panel in (D). The numbers next to the nodes give bootstrap values from 1000 replicates. Abbreviations: Am,
Ambystoma mexicanum; Bf, Branchiostoma ﬂoridae; Ci, Ciona intestinalis; Cm, Colostethus machalilla; Cs, Ciona savignyi; Dr, Danio rerio; Ec, Eleutherodactylus coqui; Gg, Gallus gallus; Gr, Gastrotheca riobambae; Lf, Lampetra ﬂuviatilis; Lj,
Lampetra japonica; Mm, Mus musculus; Ol, Oryzias latipes; Pm, Petromyzon marinus; Pos, Polypterus senegalus; Rp, Rana pipiens; Xb, Xenopus borealis; Xl, Xenopus laevis; Xt, Xenopus tropicalis.
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Fig. 4. RT-PCR analysis of gene expression in bichir and lamprey embryos. (A) Gene expression in Polypterus senegalus embryos at indicated stages: 2–3, 2–4 cell; 8.5, mid-blastula;
10–12, gastrula; 13, early neurula; 18, late neurula; 20, tailbud stages. (B) Gene expression in each part of P. endlicheri embryos at early gastrula. Embryos were dissected as indicated.
(C) Gene expression in Lampetra japonica embryos at indicated stages: 3, 2 cell; 10, mid-blastula; 11, late blastula; 13, early gastrula; 15, mid-gastrula; 17, early neurula; 19, mid-
neurula; 21, head-process stages. (D) Gene expression in conical eminence (CE) area and non-CE area of L. japonica embryos at early gastrula. Embryos were dissected as indicated.
Abbreviations: AC, animal cap; EZ, equatorial zone; IM, inner mass; dIM, dorsal IM; vIM, ventral IM; MZ, marginal zone; dMZ, dorsal MZ; vMZ, ventral MZ; VM, vegetal mass.
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Despite extensive efforts we were able to identify only two nodal-
related genes in bichir: ndr1/sqt and ndr2/cyc. They are not expressed
maternally, and the zygotic expression took place at mid-blastula
stage (Fig. 4A). At early gastrula both PosSqt and PosCycwere detected
in marginal zone, more broadly and intensely in the dorsal marginal
zone (Figs. 7A, B) as true of the expression of nodal-related genes in
Xenopus and zebraﬁsh. Neither PosSqt nor PosCyc is expressed in
vegetal blastomeres (Figs. 7A–D), and this was conﬁrmed by RT-PCR of
dissected embryonic pieces (Fig. 4B).
In Xenopus, maternal VegTmRNA localizes at the vegetal side (Kloc
et al., 2005; Kwon et al., 2002) and regulates the expression of nodal-
related genes; it also regulates sox17 directly (Howard et al., 2007;
Takahashi et al., 2000; Zhang et al., 2005). The bichir ortholog of VegT,
PosTbx16 (Fig. 3E), is not expressed maternally and is ﬁrst detected at
mid-blastula by RT-PCR (Fig. 4A). By RNA in situ hybridization it was
found in the nascent mesoderm of the marginal zone at gastrula (Figs.
7E, F) and in the paraxial mesoderm at early neurula (Figs. 7G, H).
VegT/tbx16 homolog was not found in the Lamprey (Petromyzon
marinus) Genome Browser produced by the Genome SequencingCenter at Washington University School of Medicine in St. Louis
(WUSTL). Our extensive efforts to isolate the ortholog in Lamperta
japonica embryos at 4 cell and mid-gastrula stages have also been
unsuccessful by RT-PCR with a series of degenerate primers.
In zebraﬁsh eomes (DrEomes) is expressed maternally and func-
tions in endoderm development. In zebraﬁsh the maternal DrEomes
mRNA localizes at the animal hemisphere of zygotes that corres-
ponds to the entire future blastoderm and is not present in the yolky
vegetal mass (Bjornson et al., 2005; Bruce et al., 2003); before gas-
trulation it becomes localized at the marginal zone which generates
endoderm and mesoderm. In bichir PosEomes, eomes ortholog
(Fig. 3F), transcripts were also deposited maternally, and at 4–8 cell
stage found in animal blastomeres (Fig. 4A; Figs. 7I, J); at gastrula
they were found in the marginal zone (Figs. 7K, L). PosEomes ex-
pression was not found in vegetal blastomeres, and this was con-
ﬁrmed by RT-PCR of dissected embryonic pieces at early gastrula
(Fig. 4B). Similarly, in lamprey LjEomes transcripts were deposited
maternally (Fig. 4C), found in the animal blastomeres at morula
(Fig. 7M), and localized zygotically in the marginal zone at the
gastrula stage (Figs. 7N–P).
Fig. 5. Meso-endoderm formation in bichir embryos. (A–H) Expression of two brachyury-related genes, brachyury (bra: A, E) and no tail (ntl: B–D, F–H), in Polypterus senegalus
embryos at mid-gastrula (A–C), late gastrula (D), early neurula (E–G) and pre-hatching tadpole (H). (I–P) Expression of sox17 at early gastrula (I, J), mid-gastrula (K, L), late gastrula
(M–O) and early neurula (P). (Q, R) Expression of gata5 at early gastrula. (S–U) Comparison of ntl, sox17 and gata5 expression in dorsal lip at gastrula. (V) Schematic representation
of germ layer formation in bichir embryos; ectoderm, mesoderm, endoderm and extraembryonic yolk region are indicated by sky blue, red, green and yellow, respectively. (A, B, H, I,
K, Q) give lateral views (dorsal is at right), (E, F) dorsal views (anterior is at the top), (J) a vegetal view, (C, D, L, M, N, R, S–U) sagittal hemi-sections (dorsal is at right), (G, P)
transverse hemi-sections at the level indicated in F (dotted line). Left panels of (D, N) give sagittal hemi-sections at ventral regions, and right panels of (D, N) and (S–U) the hemi-
sections at dorsal regions. In (O) the left panel shows blastocoel ﬂoor cells seen by removing the animal cap and the right panel vegetal cells seen by slicing vegetal hemisphere,
respectively. Red and green brackets in (A–D, K–N) indicate the positions of presumptive mesoderm and endoderm, respectively. Arrowheads in (A–D, I, K–M, Q–U) indicate the
positions of blastopores. Archenteron (ac) is indicated by dotted lines in (D, N, S, T). Abbreviations: nc, notochord; bc, blastocoel. Scale bars: 500 μm.
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the potency to induce mesoderm non-cell autonomously (Agius et al.,
2000), and in teleost embryos the yolk syncytial layer, which does not
contribute to any embryonic tissue, plays an essential role in the
induction of both endoderm andmesoderm (Solnica-Krezel, 1999; Fanet al., 2007). Conjugation assay was conducted with the animal cap
and the vegetal cell mass to examinewhether the vegetal blastomeres
of bichir blastula have this non-cell autonomous induction potency
(Figs. 7R–T). Expression of PosNtl was scarcely detected in the animal
caps or vegetal cell mass cultured alone, but was strongly induced in
Fig. 6.Meso-endoderm formation in lamprey embryos. (A–H) Expression of the brachury/no tail ortholog (bra) at stage 12 (early gastrula; A–D), stage 13.5 (mid-gastrula; E, F), stage 16 (late gastrula; G) and stage 18 (early neurula; H). (I–P)
Expression of the sox17/18 ortholog (soxF) at stage 12 (I–L), stage 13.5 (M, N), stage 16 (O) and stage 18 (P). (Q–T) Expression of the foxA2 ortholog at stage 12. (A, I, Q) dorsal views (anterior at the top), (B, E, J, M, R) vegetal pole views (dorsal
at the top), (C, F–H, K, N–P, S) sagittal hemi-sections (dorsal at right) and (D, L, T) a blastocoel ﬂoor view (dorsal at right; animal cap is removed). (U) Schematic representation of germ layer formation in lamprey embryos; ectoderm,
mesoderm, endoderm and extraembryonic yolk region are indicated by sky blue, red, green and yellow, respectively. Red and green brackets in (C, E, F, K, M, N, S) indicate the positions of presumptive mesoderm and endoderm, respectively.
Dotted circles in (A, B, I, J, Q, R) and dotted lines in (C, K, S) demarcate the conical eminences, and arrowheads in (F–H, N–P) and dotted lines in (E, M) indicate the positions of blastopores. Dotted lines in (F–H, N–P) indicate positions of
archenteron (ac) and dorsal blastopore lip, and arrows in (C, D, K, L, S, T) the ventral boundaries of soxF expression in the blastocoel ﬂoor. Asterisks in (B, C, E–H, J, K, M–P, R, S) indicate the locations of the vegetal pole or the presumptive
descendants of the pole blastomeres. Scale bars: 500 μm.
98
M
.Takeuchi
et
al./
D
evelopm
entalBiology
332
(2009)
90
–102
Fig. 7. Expression of regulators for meso-endoderm development in bichir and lamprey embryos. (A–D) Expression of cyc (A) and sqt (B–D) in early gastrula (A, B) and mid-gastrula
(C, D) bichir embryos. (E–H) Expression of tbx16/VegT in mid-gastrula (E), late gastrula (F) and early neurula (G, H) bichir embryos. (I–L) Expression of eomes in bichir embryos at 8–
16 cell stage (I, J) and mid-gastrula (K) and late gastrula (L). (M–P) Expression of eomes in stage 7 (morula; M), stage 12 (early gastrula; N, O) and stage 13.5 (mid-gastrula; P)
lamprey embryos. (A–C, E, L) give lateral views (dorsal at right), (D) vegetal view (dorsal at the top), (F, K) sagittal hemi-sections, (G) a dorsal view (anterior at the top), (H) a
transverse hemi-section at the level indicated in G (dotted line) (dorsal at the top), (I, M) side views (animal pole at the top), (J) a vertical hemi-section at the animal hemisphere, (N)
a dorsal view (animal pole at the top) and (O, P) vegetal pole views (dorsal at the top). In (F) the right and left panels show ventral and dorsal regions, respectively. Red and green
brackets in (D–F, K, L, P) indicate the positions of presumptive mesoderm and endoderm, respectively. Arrowheads in (A–C, E, F, K, L) and a dotted line in (P) indicate the positions of
blastopore, and dotted circles in (N, O) conical eminences. (Q) Schematic representation of maternal and zygotic VegT/tbx16 (magenta) and eomes (blue) expression at blastula and
early gastrula, respectively, in lamprey, zebraﬁsh, bichir and Xenopus embryos. Lamprey does not have a VegT/tbx16 ortholog. (R–T) Conjugation assay for meso-endoderm induction
by non-endodermal vegetal yolk cells of bichir embryos. Animal caps (AC) and vegetal mass (VM) were dissected from early blastula bichir embryos and conjugated (conj.). The
conjugates were incubated until the sibling embryos develop into late gastrula, and the expression of ntl, sox17, and hisH4 was analyzed by RT-PCR (R). (S, T) gives ntl (S) and sox17
(T) expression by whole-mount in situ hybridization; vegetal mass derivatives aremostly covered by animal cap derivatives in the (S) conjugate, and the conjugate is sagittally hemi-
sectioned in (T). The boundaries between AC and VMwere evident by differences in their cell size and are indicated by dotted lines. Note that ntl and sox17 expression is detected in
the animal cap cells (marked by arrowheads) and not in vegetal mass cells. Scale bars: 500 μm. Abbreviations: ac, archenteron nc, notochord; pm, paraxial mesoderm; ce, conical
eminence.
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Fig. 8. Schematic representation of germ layer patterning in each vertebrate. Germ layer formation in each lineage of vertebrates and their common ancestors (CA) are illustrated
schematically. In early gastrula stage embryos (dorsal at right), embryonic ectoderm,mesoderm, endoderm and extraembryonic area are indicated by sky blue, red, green and yellow,
respectively. Mesh implicates the areas where cell cleavage takes place.
100 M. Takeuchi et al. / Developmental Biology 332 (2009) 90–102the conjugates (Fig. 7R). Expression of PosSox17was also enhanced by
the conjugation (Fig. 7R). Whole-mount in situ hybridization demon-
strated that PosNtl and PosSox17 expression was induced only in the
animal cap explant, but not in the vegetal cell mass explant; the
PosSox17 expression was detected in the vicinity of the latter explant
(Fig. 7T), and the PosNtl expression was detected more distantly (Fig.
7S). Therefore, bichir yolky vegetal cell mass has the potency to induce
both endoderm and mesoderm non-cell-autonomously as does the
zebraﬁsh yolk syncytial layer.
Discussion
It is widely thought that extinct stem vertebrates in each lineage
had undergone holoblastic development similar to that in Xenopus,
and that the transition to meroblastic cleavage had taken place with
evolution of each vertebrate lineage: Agnatha, Chondrichthyes,
Actinopterygii and Sarcopterygii (Elinson, 2008; Chea et al., 2005). It
is also generally thought that in the extant holoblastic embryos all
blastomeres contribute to one of the primary germ layers (Grapin-
Botton and Constam, 2007; Arendt and Nubler-Jung, 1999). Morpho-
logically, bichir embryos undergo holoblastic cleavage very similar to
that of Xenopus embryos, and their vegetal blastomeres have been
assumed to become embryonic endoderm (Cooper and Virta, 2007).
However, marker analysis in the present study indicated that in bichir
mesoderm and endoderm are formed at marginal zones, and that
vegetal cell mass is not embryonic endoderm (Fig. 5V; Fig. 8, yellow),
being consistent with the presence of extraembryonic yolk cell mass
in bichir tadpole. Furthermore, the present analysis indicated that in
lamprey mesoderm and endoderm are also specialized in conical
eminence before the formation of blastopore at st.12; vegetal cell mass
has no identity of embryonic meso-endoderm. Descendants of the
most vegetal cell relocate by cell movement during gastrulation, being
fated to the inner, ventral part of embryos; they also never expressmeso-endoderm markers. Based on the evolutional position of bichir
and lampreywe propose a possibility that not only the ancestor of ray-
ﬁnned ﬁsh but also that of the extant vertebrates would have already
undergone holoblastic development in which vegetal cell mass is
extraembryonic, does not contribute to any primary germ layers and
serves as nutritive yolk, as it does in extant lamprey and bichir
(Fig. 8). In actinopterygian lineage, the transition from holoblastic to
meroblastic cleavage would have taken place by the fusion of these
extraembryonic vegetal yolk cells, generating a yolk cell containing
the syncytial layer in teleosts. In amniotes a part of the extraem-
bryonic vegetal cell mass would have become extraembryonic endo-
derm such as visceral endoderm or hypoblast that plays essential
roles in axis formation and germ layer development, and the other
part yolk by the fusion (Fig. 8). Amphibian-type holoblastic dev-
elopment in which all blastomeres are patterned into either of the
three germ layers is not ancestral to extant vertebrates but secon-
darily established by incorporating extraembryonic vegetal cell mass
into embryonic endoderm (Fig. 8). To further assess the feasibility of
this hypothesis the analysis of germ layer formation in lungﬁsh is
awaited.
Nodal signaling is considered to play central roles in meso-
endoderm differentiation in mouse, Xenopus, chick and zebraﬁsh
(Whitman, 2001). Expression data suggests it is also probable in
protochordate ascidian and amphioxus (Chea et al., 2005) and thus
most probably throughout chordates. Bichir probably has only two
nodal-related genes, PosSqt and PosCyc. Three nodal-related genes in
zebraﬁsh, sqt, southpaw and cyc, would have been generated by WGD
and subsequent loss of one gene, counteracting the proposal that sqt
and cyc were generated from a single gene by the WGD (Fan and
Dougan, 2007). It might be worthwhile to note that neither sqt nor cyc
is expressed maternally despite the observation in zebraﬁsh that
DrSqt is expressed maternally and plays a role in dorsal determination
(Gore et al., 2005). The present expression analysis has suggested that
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conserved in bichir; PosSqt and PosCyc expression was detected in the
marginal zone where PosSox17, PosGata5, PosBra and PosNtl are
expressed.
In Xenopus embryos, the expression of nodals is regulated by
maternal VegT that localizes at vegetal blastomeres; maternal VegT is
also reported to regulate Xsox17a expression directly (Howard et al.,
2007). However, in zebraﬁsh its ortholog DrTbx16/spadetail is not
expressed maternally. DrTbx16 is zygotically expressed in paraxial
mesoderm, and the zygotic DrTbx16 does not play roles in endoderm
differentiation (Amacher et al., 2002; Grifﬁn et al., 1998; Ho and Kane,
1990). In chick, Ch-Tbx6L, a chick tbx16/VegT ortholog, is probably not
expressed maternally either; zygotic Ch-Tbx6L as well as zygotic
XlVegT are also expressed in paraxial mesoderm but not in endoderm
(Knezevic et al., 1997; Chapman et al., 2007). In bichir, VegT ortholog
PosTbx16, is also not expressed maternally, and its zygotic expression
also occurred in paraxial mesoderm (Figs. 7E–H, Q). Moreover, there is
no VegT ortholog in mouse or human genome (Wilson and Conlon,
2002; Fig. 3E), and VegT/tbx16 homolog is also missing in lamprey
genome. Tbx6 is the tbx16 paralog, and mouse, Xenopus and zebraﬁsh
have tbx6, (Fig. 3E); however, they are not expressed maternally, and
their zygotic expression is found in paraxial mesoderm but not in
endoderm (Ruvinsky et al., 1998). Tbx6 and tbx16 apparently
generated in a vertebrate ancestor by gene duplication of a tbx6/
tbx16 protogene in protochordates (Fig. 3E). Ascidian protogenes are
not expressed either maternally or in endoderm lineage of cells
(Takatori et al., 2004; Ruvinsky et al., 2000).
In contrast, the maternal expression of VegT appears common
throughout all amphibians, not only in anuran but also in urodele such
as Mexican axolotl, Ambystoma mexicanum (Nath and Elinson, 2007).
In anuran VegT is maternally expressed even in a direct developing
frog, Eleutherodactylus coqui, the eggs of which contain a large amount
of yolk and have a diameter of 3.5 mm in contrast to the 0.9 mm of
Xenopus eggs. E. coqui embryos still undergo holoblastic cleavage, and
their vegetal cell mass expresses EcSox17 (Buchholz et al., 2007). Thus
it is possible the usage of maternal VegT in endoderm formation is
unique to amphibian embryos.
In zebraﬁsh that lacks maternal VegT, it has not yet been identiﬁed
which maternal factor regulates DrCyc and DrSqt expression. One
candidate is eomes; it is expressed maternally and is essential to
mesendoderm differentiation in zebraﬁsh. In mouseMmEomes is also
expressedmaternally (McConnell et al., 2005) and plays essential roles
in endoderm differentiation (Arnold et al., 2008; Izumi et al., 2007;
Tam et al., 2003). In contrast, in Xenopus XlEomes is not expressed
maternally and is required for mesoderm induction, but not for
endoderm formation (Ryan et al., 1996, 2000). In bichir and lamprey,
PosEomes and LjEomes are also expressed maternally, in animal
blastomeres at molura and in the marginal zone at gastrula (Figs. 7I–
P, Q). In zebraﬁsh the maternal DrEomes protein is found in the entire
blastoderm by 512 cell-high stages, but is reported to localize at
nucleus only in the dorsal side after sphere stage (Bruce et al., 2003;
Bruce et al., 2005). It is left to future studies to learnwhether this is also
true in bichir and lamprey. Tbr1 is the eomes/Tbr2 paralog, andmouse,
chick, Xenopus and zebraﬁsh as well as bichir all have this paralog (Fig.
3F); unfortunately, expression data has not been reported for any of
them at early embryonic stages. Tbr1 and eomes/Tbr2were apparently
generated by gene duplication in a vertebrate ancestor (Fig. 3F), and
protochordates, amphioxus and ascidian, have only one Tbr1/Tbr2
protogene: AmphiEomes/Tbr1/Tbx21 and Ci-mT. Of note is that the
protogenes are also expressed maternally (Horton and Gibson-Brown,
2002; Takatori et al., 2004). Therefore, it is tempting to speculate that
the choice of VegT as a maternal factor to direct meso-endoderm
differentiation is coupled with amphibian-type holoblastic develop-
ment in which all blastomeres contribute to one of the primary germ
layers, and the maternal usage of eomes in the meso-endoderm
development is basal as seen in other vertebrates. To assess thefeasibility of this hypothesis VegT and eomes expression for endoderm
development is worthwhile examining more extensively in a series of
vertebrates including shark, skate, sturgeon, amia and gar as well as a
variety of teleosts, amphibians, reptiles and mammals.
Acknowledgments
We are indebted to Prof. Shigeru Kuratani for Lamperta japonica
embryos. We acknowledge Dr. Fumiaki Sugahara, Mr. Toyohiko Hirai
and Mr. Takanori Shono for collection and culture of lamprey and
bichir embryos.We also thank Dr. MakotoMochii and Dr. Hiroshi Tarui
for EST analysis of bichir early embryos. This work was supported by a
Grant-in-Aid for Young Scientists (B) and for Creative Scientiﬁc
Research from the Japan Society for the Promotion of Science.
References
Agius, E., Oelgeschlager, M., Wessely, O., Kemp, C., De Robertis, E.M., 2000. Endodermal
Nodal-related signals and mesoderm induction in Xenopus. Development 127,
1173–1183.
Amacher, S.L., Draper, B.W., Summers, B.R., Kimmel, C.B., 2002. The zebraﬁsh T-box
genes no tail and spadetail are required for development of trunk and tail
mesoderm and medial ﬂoor plate. Development 129, 3311–3323.
Amores, A., Force, A., Yan, Y.L., Joly, L., Amemiya, C., Fritz, A., Ho, R.K., Langeland, J.,
Prince, V., Wang, Y.L., Westerﬁeld, M., Ekker, M., Postlethwait, J.H., 1998. Zebraﬁsh
hox clusters and vertebrate genome evolution. Science 282, 1711–1714.
Arendt, D., Nubler-Jung, K., 1999. Rearranging gastrulation in the name of yolk:
evolution of gastrulation in yolk-rich amniote eggs. Mech. Dev. 81, 3–22.
Arnold, S.J., Hofmann, U.K., Bikoff, E.K., Robertson, E.J., 2008. Pivotal roles for
eomesodermin during axis formation, epithelium-to-mesenchyme transition and
endoderm speciﬁcation in the mouse. Development 135, 501–511.
Ballard, W.W., 1986a. Stages and rates of normal development in the holostean ﬁsh,
Amia calva. J. Exp. Zool. 238, 337–354.
Ballard, WW., 1986b. Morphogenetic movements and a provisional fate map of
development in the holostean ﬁsh, Amia calva. J. Exp. Zool. 238, 355–372.
Bartsch, P., Gemballa, S., Piotrowski, T., 1997. The embryonic and larval development of
Polypterus senegalus Cuvier, 1829: its staging with reference to external and skeletal
features, behavior and locomotory habits. Acta. Zool. 78, 309–328.
Bjornson, C.R., Grifﬁn, K.J., Farr III, G.H., Terashima, A., Himeda, C., Kikuchi, Y., Kimelman,
D., 2005. Eomesodermin is a localized maternal determinant required for
endoderm induction in zebraﬁsh. Dev. Cell. 9, 523–533.
Bolker, J.A., 1993a. Gastrulation and mesoderm morphogenesis in the white sturgeon. J.
Exp. Zool. 266, 116–131.
Bolker, J.A., 1993b. The mechanism of gastrulation in the white sturgeon. J. Exp. Zool.
266, 132–145.
Bruce, A.E., Howley, C., Zhou, Y., Vickers, S.L., Silver, L.M., King, M.L., Ho, R.K., 2003. The
maternally expressed zebraﬁsh T-box gene eomesodermin regulates organizer
formation. Development 130, 5503–5517.
Bruce, A.E., Howley, C., Dixon Fox, M., Ho, R.K., 2005. T-box gene eomesodermin and the
homeobox-containing Mix/Bix gene mtx2 regulate epiboly movements in the
zebraﬁsh. Dev. Dyn. 233, 105–114.
Buchholz, D.R., Singamsetty, S., Karadge, U., Williamson, S., Langer, C.E., Elinson, R.P.,
2007. Nutritional endoderm in a direct developing frog: a potential parallel to the
evolution of the amniote egg. Dev. Dyn. 236, 1259–1272.
Chapman, S.C., Matsumoto, K., Cai, Q., Schoenwolf, G.C., 2007. Speciﬁcation of germ
layer identity in the chick gastrula. BMC. Dev. Biol. 7, 91.
Chea, H.K., Wright, C.V., Swalla, B.J., 2005. Nodal signaling and the evolution of
deuterostome gastrulation. Dev. Dyn. 234, 269–278.
Chiu, C.H., Dewar, K., Wagner, G.P., Takahashi, K., Ruddle, F., Ledje, C., Bartsch, P.,
Scemama, J.L., Stellwag, E., Fried, C., Prohaska, S.J., Stadler, P.F., Amemiya, C.T., 2004.
Bichir HoxA cluster sequence reveals surprising trends in ray-ﬁnned ﬁsh genomic
evolution. Genome. Res. 14, 11–17.
Cooper, M.S., Virta, V.C., 2007. Evolution of gastrulation in the ray-ﬁnned (actinopter-
ygian) ﬁshes. J. Exp. Zoolog. B. Mol. Dev. Evol. 308, 591–608.
Elinson, R.P., 2008. Nutritional endoderm: a way to breach the holoblastic–meroblastic
barrier in tetrapods. J. Exp. Zoolog. B. Mol. Dev. Evol. 310B, 1–7.
Fan, X., Dougan, S.T., 2007. The evolutionary origin of nodal-related genes in teleosts.
Dev. Genes. Evol. 217, 807–813.
Fan, X., Hagos, E.G., Xu, B., Sias, C., Kawakami, K., Burdine, R.D., Dougan, S.T., 2007. Nodal
signals mediate interactions between the extra-embryonic and embryonic tissues
in zebraﬁsh. Dev. Biol. 310, 363–378.
Feldman, B., Gates, M.A., Egan, E.S., Dougan, S.T., Rennebeck, G., Sirotkin, H.I., Schier, A.F.,
Talbot, W.S., 1998. Zebraﬁsh organizer development and germ-layer formation
require nodal-related signals. Nature 395, 181–185.
Gore, A.V., Maegawa, S., Cheong, A., Gilligan, P.C., Weinberg, E.S., Sampath, K., 2005. The
zebraﬁsh dorsal axis is apparent at the four-cell stage. Nature 438, 1030–1035.
Grapin-Botton, A., Constam, D., 2007. Evolution of the mechanisms and molecular
control of endoderm formation. Mech. Dev. 124, 253–278.
Grifﬁn, K.J., Amacher, S.L., Kimmel, C.B., Kimelman, D., 1998. Molecular identiﬁcation of
spadetail: regulation of zebraﬁsh trunk and tail mesoderm formation by T-box
genes. Development 125, 3379–3388.
102 M. Takeuchi et al. / Developmental Biology 332 (2009) 90–102Harland, R.M., 1991. In situ hybridization: an improved whole-mount method for Xe-
nopus embryos. Methods. Cell. Biol. 36, 685–695.
Ho, R.K., Kane, D.A., 1990. Cell-autonomous action of zebraﬁsh spt-1mutation in speciﬁc
mesodermal precursors. Nature 348, 728–730.
Horb, M.E., Slack, J.M., 2001. Endoderm speciﬁcation and differentiation in Xenopus
embryos. Dev. Biol. 236, 330–343.
Horton, A.C., Gibson-Brown, J.J., 2002. Evolution of developmental functions by the
Eomesodermin, T-brain-1, Tbx21 subfamily of T-box genes: insights from
amphioxus. J. Exp. Zool. 294, 112–121.
Howard, L., Rex, M., Clements, D., Woodland, H.R., 2007. Regulation of the Xenopus
Xsox17alpha(1)promoter byco-operatingVegTandSox17 sites. Dev. Biol. 310, 402–415.
Hudson, C., Clements, D., Friday, R.V., Stott, D., Woodland, H.R., 1997. Xsox17alpha and
-beta mediate endoderm formation in Xenopus. Cell 91, 397–405.
Hurley, I.A., Mueller, R.L., Dunn, K.A., Schmidt, E.J., Friedman, M., Ho, R.K., Prince, V.E.,
Yang, Z., Thomas, M.G., Coates, M.I., 2007. A new time-scale for ray-ﬁnned ﬁsh
evolution. Proc. Biol. Sci. 274, 489–498.
Inoue, J.G., Miya, M., Tsukamoto, K., Nishida, M., 2003. Basal actinopterygian relation-
ships: a mitogenomic perspective on the phylogeny of the “ancient ﬁsh”. Mol.
Phylogenet. Evol. 26, 110–120.
Izumi, N., Era, T., Akimaru, H., Yasunaga, M., Nishikawa, S., 2007. Dissecting the
molecular hierarchy for mesendoderm differentiation through a combination of
embryonic stem cell culture and RNA interference. Stem. Cells. 25, 1664–1674.
Jaillon, O., Aury, J.M., Brunet, F., Petit, J.L., Stange-Thomann, N., Mauceli, E., Bouneau, L.,
Fischer, C., Ozouf-Costaz, C., Bernot, A., Nicaud, S., Jaffe, D., Fisher, S., Lutfalla, G.,
Dossat, C., Segurens, B., Dasilva, C., Salanoubat, M., Levy, M., Boudet, N., Castellano,
S., Anthouard, V., Jubin, C., Castelli, V., Katinka, M., Vacherie, B., Biemont, C., Skalli,
Z., Cattolico, L., Poulain, J., De Berardinis, V., Cruaud, C., Duprat, S., Brottier, P.,
Coutanceau, J.P., Gouzy, J., Parra, G., Lardier, G., Chapple, C., McKernan, K.J., McEwan,
P., Bosak, S., Kellis, M., Volff, J.N., Guigo, R., Zody, M.C., Mesirov, J., Lindblad-Toh, K.,
Birren, B., Nusbaum, C., Kahn, D., Robinson-Rechavi, M., Laudet, V., Schachter, V.,
Quetier, F., Saurin, W., Scarpelli, C., Wincker, P., Lander, E.S., Weissenbach, J., Roest
Crollius, H., 2004. Genome duplication in the teleost ﬁsh Tetraodon nigroviridis
reveals the early vertebrate proto-karyotype. Nature 431, 946–957.
Kikugawa, K., Katoh, K., Kuraku, S., Sakurai, H., Ishida, O., Iwabe, N., Miyata, T., 2004.
Basal jawed vertebrate phylogeny inferred frommultiple nuclear DNA-coded genes.
BMC. Biol. 2, 3.
Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B., Schilling, T.F., 1995. Stages of
embryonic development of the zebraﬁsh. Dev. Dyn. 203, 253–310.
Kloc, M., Wilk, K., Vargas, D., Shirato, Y., Bilinski, S., Etkin, L.D., 2005. Potential structural
role of non-coding and coding RNAs in the organization of the cytoskeleton at the
vegetal cortex of Xenopus oocytes. Development 132, 3445–3457.
Knezevic, V., De Santo, R., Mackem, S., 1997. Two novel chick T-box genes related to
mouse Brachyury are expressed in different, non-overlappingmesodermal domains
during gastrulation. Development 124, 411–419.
Kuratani, S., Ueki, T., Aizawa, S., Hirano, S., 1997. Peripheral development of cranial
nerves in a cyclostome, Lampetra japonica: morphological distribution of nerve
branches and the vertebrate body plan. J. Comp. Neurol. 384, 558–564.
Kwon, S., Abramson, T., Munro, T.P., John, C.M., Kohrmann, M., Schnapp, B.J., 2002.
UUCAC- and vera-dependent localization of VegT RNA in Xenopus oocytes. Curr.
Biol. 12, 558–564.
Long, W.L., Ballard, W.W., 2001. Normal embryonic stages of the longnose gar, Lepi-
sosteus osseus. BMC. Dev. Biol. 1, 6.
Long, S., Ahmad, N., Rebagliati, M., 2003. The zebraﬁsh nodal-related gene southpaw is
required for visceral and diencephalic left–right asymmetry. Development 130,
2303–2316.
Martin, B.L., Kimelman, D., 2008. Regulation of canonical Wnt signaling by Brachyury is
essential for posterior mesoderm formation. Dev. Cell. 15, 121–133.
McConnell, J., Petrie, L., Stennard, F., Ryan, K., Nichols, J., 2005. Eomesodermin is expressed
in mouse oocytes and pre-implantation embryos. Mol. Reprod. Dev. 71, 399–404.
Nath, K., Elinson, R.P., 2007. RNA of AmVegT, the axolotl orthologue of the Xenopus
meso-endodermal determinant, is not localized in the oocyte. Gene. Expr. Patterns.
7, 197–201.
Reiter, J.F., Alexander, J., Rodaway, A., Yelon, D., Patient, R., Holder, N., Stainier, D.Y., 1999.
Gata5 is required for the development of the heart and endoderm in zebraﬁsh.
Genes. Dev. 13, 2983–2995.Reiter, J.F., Kikuchi, Y., Stainier, D.Y., 2001. Multiple roles for Gata5 in zebraﬁsh
endoderm formation. Development 128, 125–135.
Ruvinsky, I., Silver, L.M., Ho, R.K., 1998. Characterization of the zebraﬁsh tbx16
gene and evolution of the vertebrate T-box family. Dev. Genes. Evol. 208,
94–99.
Ruvinsky, I., Silver, L.M., Gibson-Brown, J.J., 2000. Phylogenetic analysis of T-Box genes
demonstrates the importance of amphioxus for understanding evolution of the
vertebrate genome. Genetics 156, 1249–1257.
Ryan, K., Garrett, N., Mitchell, A., Gurdon, J.B., 1996. Eomesodermin, a key early gene in
Xenopus mesoderm differentiation. Cell 87, 989–1000.
Ryan, K., Garrett, N., Bourillot, P., Stennard, F., Gurdon, J.B., 2000. The Xenopus
eomesodermin promoter and its concentration-dependent response to activin.
Mech. Dev. 94, 133–146.
Sauka-Spengler, T., Baratte, B., Lepage, M., Mazan, S., 2003. Characterization of Brachy-
ury genes in the dogﬁsh S. canicula and the lamprey L. ﬂuviatilis. Insights into
gastrulation in a chondrichthyan. Dev. Biol. 263, 296–307.
Schier, A.F., 2001. Axis formation and patterning in zebraﬁsh. Curr. Opin. Genet. Dev. 11,
393–404.
Showell, C., Binder, O., Conlon, F.L., 2004. T-box genes in early embryogenesis. Dev. Dyn.
229, 201–218.
Solnica-Krezel, L., 1999. Pattern formation in zebraﬁsh—fruitful liaisons between
embryology and genetics. Curr. Top Dev. Biol. 41, 1–35.
Steinberg, M., 1957. A nonnutrient culture medium for amphibian embryonic tissues.
Carnegie Institution of Washington Year Book, Vol.56, pp. 347–348.
Suda, Y., Kurokawa, D., Takeuchi, M., Kajikawa, E., Kuratani, S., Amemiya, C., Aizawa, S.,
2009. Evolution of Otx paralogue usages in early patterning of the vertebrate head.
Dev. Biol. 325, 282–295.
Tahara, Y., 1988. Normal stages of development in lamprey, Lampetra reissneri
(Dybowski). Zool. Sci. 5, 109–118.
Takahashi, S., Yokota, C., Takano, K., Tanegashima, K., Onuma, Y., Goto, J., Asashima, M.,
2000. Two novel nodal-related genes initiate early inductive events in Xenopus
Nieuwkoop center. Development 127, 5319–5329.
Takatori, N., Hotta, K., Mochizuki, Y., Satoh, G., Mitani, Y., Satoh, N., Satou, Y., Takahashi,
H., 2004. T-box genes in the ascidian Ciona intestinalis: characterization of cDNAs
and spatial expression. Dev. Dyn. 230, 743–753.
Takeuchi, M., Okabe, M., Aizawa, S., 2008. The genus Polypterus (Bichir); a ﬁsh group
diverged at the stem of ray-ﬁnned ﬁshes (Actinopterygii). In: Gann, A., Crotty, D.
(Eds.), Emerging Model Organisms, Vol. 1. Cold Spring Harbor Laboratory Press,
pp. 447–467.
Tam, P.P., Kanai-Azuma, M., Kanai, Y., 2003. Early endoderm development in
vertebrates: lineage differentiation and morphogenetic function. Curr. Opin.
Genet. Dev. 13, 393–400.
Weber, H., Symes, C.E., Walmsley, M.E., Rodaway, A.R., Patient, R.K., 2000. A role for
GATA5 in Xenopus endoderm speciﬁcation. Development 127, 4345–4360.
Weinstein, D.C., Ruiz i Altaba, A., Chen, W.S., Hoodless, P., Prezioso, V.R., Jessell, T.M.,
Darnell Jr, J.E., 1994. The winged-helix transcription factor HNF-3 beta is required
for notochord development in the mouse embryo. Cell 78, 575–588.
Whitman, M., 2001. Nodal signaling in early vertebrate embryos: themes and variations.
Dev. Cell. 1, 605–617.
Wilkinson, D.G., Bhatt, S., Herrmann, B.G., 1990. Expression pattern of the mouse T gene
and its role in mesoderm formation. Nature 343, 657–659.
Wilson, V., Conlon, F.L., 2002. The T-box family. Genome. Biol. 3 REVIEWS3008.
Wourms, JP., 1997. The rise of ﬁsh embryology in the nineteenth century. Am. Zool. 37,
269–310.
Yamada, T., 1938. Induktion der sekundären Embryonalanlage in Neunaugenkeim.
Okayamas Folia. Anat. Jap. 17, 369–388.
Yu, J.K., Satou, Y., Holland, N.D., Shin, I.T., Kohara, Y., Satoh, N., Bronner-Fraser, M.,
Holland, L.Z., 2007. Axial patterning in cephalochordates and the evolution of the
organizer. Nature 445, 613–617.
Zhang, J., Houston, D.W., King, M.L., Payne, C., Wylie, C., Heasman, J., 1998. The role of
maternal VegT in establishing the primary germ layers in Xenopus embryos. Cell 94,
515–524.
Zhang, C., Basta, T., Fawcett, S.R., Klymkowsky, M.W., 2005. SOX7 is an immediate-early
target of VegT and regulates nodal-related gene expression in Xenopus. Dev. Biol.
278, 526–541.
